In the present studies we sought to address the following questions: do chronically transplanted intrahepatic islets (IHI-Tx) secrete insulin in a coordinate pulsatile manner, and, if so, is reestablishment of this coordinate pulsatility a function of time after transplantation? We studied isolated perfused livers at 10 mM glucose from 27 rats rendered diabetic with streptozotocin and then transplanted with -2 x 103 islets, 2 (n = 5), 7 (n = 5), 30 (n = 5), and 200 (n = 12) d after transplantation. (-200 d) 111-Tx secrete insulin in a coordinate pulsatile manner and that establishment of coordinate pulsatile insulin secretion by IHI-Tx is accompanied by increased total insulin secretion and is associated with islet reinnervation. (J. Clin. Invest. 1994. 94: 219-227.)
Introduction
Intraportal transplantation of pancreatic islets is a therapeutic option under active investigation for patients with insulin-dependent diabetes mellitus (1) (2) (3) (4) . Intrahepatic autotransplantation of pancreatic islets salvaged after pancreatectomy for pancreatitis has achieved sustained insulin secretion and near normal glycemic control in humans (5) , although a large number of islets appears to be critical for success. Shorter periods of insulin secretion and glycemic control have been obtained in patients with insulin-dependent diabetes mellitus transplanted with islets (3, 4) . Relatively little is yet known about the regulation of insulin secretion in intrahepatic transplanted islets.
In health it is well known that plasma insulin concentrations oscillate with both a high (6) and low periodicity (-12 vs 60-90 min) (7) . The low frequency oscillations most likely reflect feedback between insulin secretion and hepatic glucose release since they can be entrained by perturbations in circulating glucose concentration (8) , and therefore it is not surprising that low frequency oscillations are retained in dogs with intrahepatic transplanted islets (9) . In contrast, high frequency oscillations appear to be due to coordinate insulin secretory bursts by islets dispersed throughout the exocrine pancreas and are retained in the isolated perfused pancreas during a constant glucose infusion (10) . The latter suggests that the pacemaker responsible for high frequency pulses is intrapancreatic and that the islets dispersed within the pancreas communicate most likely by an intrinsic neural network analogous to the Purkinje system in the heart.
It is unknown if intrahepatic transplanted islets secrete insulin in a high frequency pulsatile manner. If coordinate insulin secretion is mediated by the intrapancreatic neural network (11), it might be expected that the dispersal of transplanted islets throughout the liver would result in loss of pulsatile insulin secretion. However, since intrahepatic transplanted islets are reinnervated (12) (13) (14) , a process that has been identified in occasional islets -4 wk after transplantation (12) and has become clearly established by 14 wk (14) , it is plausible that coordinate pulsatile insulin secretion is restored in chronically transplanted islets.
This study was undertaken to determine if transplanted intrahepatic islets secrete insulin in a coordinate high frequency pulsatile manner. In view of the potential importance of duration of transplantation on this process, we performed the studies 2, 7, 30, and 200 d after intraportal transplantation of islets in streptozotocin-induced diabetic rats. To avoid the potential confounding variables of circulating insulin secretagogues, we used an open-loop isolated liver perfusion system to detect the presence of coordinate insulin secretory bursts by the transplanted islets.
In vivo anesthetic doses of barbiturates have been shown to acutely inhibit insulin secretion (15, 16) . Anesthetic doses of barbiturates have marked suppressive effects on spontaneous activity in the central nervous system (17) but relatively minor effects on intraorgan spontaneous neural activity such as occurs in the heart (18) . Therefore, if pacemaker activity and interislet communication are achieved by a system analogous to the sinoatrial node/Purkinje tissue system, barbiturates at an anesthetic dose would be expected to have, at most, a minor impact on pulsatile insulin secretion. Therefore, after preliminary data indicated that chronic intrahepatic islet transplants secreted insulin in a pulsatile manner, we sought to determine the effect of an (Table I) . After transplantation, rats were kept in boxes, two rats per box, and were allowed free rat chow (LaboChow; Purina Mills, St. Louis, MO). Of the original 29 diabetic rats, 27 were included in the present studies, and 2 were excluded because of hepatic ischemia during the isolated hepatic perfusion.
Liver isolation
Rats were studied at either 2 (n = 5), 7 (n = 5), 30 (n = 5), or 200 (n = 12) d after transplantation (Table I) (Table H) . At the end of each experiment, several slices of liver were sectioned and fixed by 10% neutral buffered formalin for 4 h before being transferred to 70% ethanol and routinely processed for paraffin embedding. Serial sections, 4-,Om thick, were mounted on chromalum-coated glass slides, deparaffinized, and stained with hematoxylin and eosin, and the peroxidase-antiperoxidase method for insulin (guinea pig antiporcine; Dako Corp., Carpinteria, CA) (1/1,000), IAPP (rabbit anti-human; Penin- Measurements. All buffer samples were placed on ice immediately and frozen at -20'C after each study. C-peptide and insulin were assayed in replicates by radioimmunoassay. Radioimmunoassay for insulin was carried out in 0.05 M phosphate-buffered saline with 0.025 M EDTA, 1% BSA, and 0.01% sodium azide. Standards and unknowns were preincubated for 3 h with guinea pig antiinsulin antibody (1013 [cross-reactivity rat I insulin 100%, rat II insulin 70%]; Linco Research Inc., St. Louis, MO) specific for rat insulin and then were incubated overnight after addition of '"I-insulin tracer (10,000 cpm/tube). Separation of bound insulin was accomplished with goat anti-guinea pig gamma globulin in the presence of 1% polyethylene glycol during a 2-h incubation. After centrifugation, the free portion was discarded, and the bound portion (pellet) was counted on a gamma counter. The counts per minute of each tube were calculated as a percentage of maximum binding (that bound in the absence of cold antigen), and unknowns were read from a standard curve. The assay sensitivity and range were 75-2,500 pg/ml using a 100-Al sample size. Samples with insulin concentrations greater than assay range were diluted to bring them within the linear portion of the binding curve. Intraassay variation was estimated by measuring the insulin concentration from a pooled sample of effluent 40 times at concentrations corresponding to low, middle, and high binding on the insulin assay binding curve. The intra-and interassay variation for insulin was 10.7 (low), 7.0 (medium), 10.1 (high), and 7.5 (low), 7.7 (medium), and 4.1% (high), respectively. Rat C-peptide was also measured by RIA using a commercial kit (Linco Research Inc.). 100 sl of antibody was added to 100 Al of standard or sample and incubated at 4°C overnight. Then, 100 Al of "2I-labeled rat C-peptide (15,000 cpm/tube) was added for an additional 24-h 40C incubation. Thereafter, separation of bound C-peptide was accomplished by the addition of anti-guinea pig antibody (cross-reactivity rat I C-peptide 30%, rat II C-peptide 100%) as in the insulin assay. The sensitivity and range were 50-1,600 pM. The intra-and interassay variation for C-peptide was 4.0 (low) and 7.7 (high), and 10.1 (low) and 7.1% (high), respectively.
Liver enzymes were measured in triplicate (23) by a fluorimetric method using a spectrophotometer (Cobas Mira, Roche, Montclair, NJ). Oxygen, carbon dioxide, potassium, and pH were measured immediately with a gas meter (BGElectrolytes, Instrumentation Laboratory, Inc., Lexington, MA). Pulse detection Statistically significant insulin secretory pulses were determined using a peak detection algorithm, cluster analysis (24) . The insulin delivery rates from isolated perfused livers given a constant insulin infusion (to define model noise) and pulsatile insulin delivery (to insure detection as true positive pulse events) are illustrated in Fig. 1 
Results
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The mean perfusate insulin concentrations for each group in relation to the assay range are shown in Fig. 2 Fig. 4, A and B , and the means of all livers are shown in Fig. 5 .
From Fig. 5 , it is clear that the total insulin secretion rates in response to an identical stimulus (i.e., 10 (Table Ill) . Both the nonpulsatile and total insulin secretion rates were also greater in the late versus early Tx livers (P < 0.001, Table III ). In the livers exhibiting pulsatile insulin secretion, there was a clear relationship between the rate of nonpulsatile insulin secretion and the amplitude of coordinate insulin secretory bursts ( Fig. 6 ; r = 0.92, P < 0.001). It is noteworthy that an insulin response to a glucagon bolus was present in all livers tested, with the magnitude of this first-phase response being greater in the late versus early Tx livers (P < 0.001; Table Ill ).
Since C-peptide is not cleared by the liver, in five rats both insulin and C-peptide concentrations were measured in perfusate samples to exclude the possibility that oscillations in insulin concentration were due to oscillations in insulin clearance (Fig.   7) . Cross-correlation analysis between insulin and C-peptide concentrations revealed a high degree of correlation at zero lag (i.e., insulin and C-peptide peaks are simultaneous, P < 0.0001). These data confirmed that pulsatile insulin efflux from the perfused livers was due to coordinate pulsatile secretion rather than pulsatile hepatic insulin clearance. It was also plausible that apparent pulses of insulin secretion were due to intermittent changes in hepatic blood flow. However, crosscorrelation analysis between hepatic flow rates and simultaneous insulin concentrations indicated a negative correlation (mean z score of -1.5±0.05, P < 0.001 versus nonrandom associations by the Kolmogorov-Smirnov statistic), indicating that any fluctuations in perfusate flow rates were not responsible for periodic increases in insulin secretion.
A perfusate concentration of 25 jug/ml of pentobarbital had no effect on the total (13.9±3.9 vs 15.9±3.9 nmol/min), nonpulsatile (12.9±3.5 vs 14.1±3.3 nmol/min), orpulsatile (pulse increment 17.6±4.5 vs 20.0±4.2 nmol/min, pulse frequency 4.1±0.3 vs 4.0±0.7 pulses/h) insulin secretion rates ( Fig. 8 and Table EH ). Since this dose of pentobarbital causes anesthesia in a rat, these data suggest that the intrahepatic pacemaker and system for propagation of the signal between islets are relatively resistant to suppression by anesthetic doses of barbiturate and therefore are analogous to the sinoatrial node and Purkinje tissue present in the heart (18). Using synaptophysin labeling, islet innervation was clearly demonstrable in 12 out of 12 200-d Tx livers but not in any of the early Tx livers, consistent with previous studies (12) (13) (14) . Innervation was confirmed by the presence of synaptophysin staining nerve endings penetrating the transplanted islet as indicated in Fig. 9 . Nerve endings stained by synaptophysin were present in the periportal areas in early transplanted islets, but fibers were not found penetrating the transplanted islets.
Discussion
It is well established that islets distributed within the pancreatic parenchyma secrete insulin in high frequency coordinate secretory bursts (10) . In the present study, we sought to determine if these coordinate high frequency secretory bursts are present when islets are transplanted via the portal vein and thereby distributed to the liver. We report here that early after transplantation these coordinate high frequency secretory bursts are absent, but that they are reestablished by 200 d after transplantation.
Since single islets secrete insulin in a pulsatile manner within hours of isolation (26), it is likely that the early transplanted islets in the present studies secreted insulin individually in a pulsatile manner. However, since the net insulin output from the liver (the sum of all islets) was not pulsatile in the early transplanted livers, it appears that the mechanism for interislet communication that leads to coordinate pulsatile insulin secretion was not present during the first 30 d after transplantation. Intrahepatic transplanted islets become vascularized within 7 d of transplantation (12) . The present data therefore appear to lend additional argument against the hypothesis that coordinate pulsatile insulin secretion in vivo is due to entrainment of islets by either oscillations in circulating glucose (8) or an intrinsic metabolic cycle present in pancreatic islets (26) . It has been suggested that coordinate secretory burst activity is achieved through the intrapancreatic nerve network (10, 27) . There is indeed an intrinsic intrapancreatic neural network that does not degenerate after central denervation (28) and which is intimately associated with islets as demonstrated by the nerve fibers entering each islet (28) . Furthermore, this intrapancreatic neural network has well defined intrapancreatic ganglia, which have been shown to have spontaneous pacemaker activity (29) . If coordinate insulin secretory burst activity from widely dispersed islets depends on interislet communication through intrinsic organ nerve fibers, this coordinate pulsatility should be absent if interislet communication is disrupted, such as would occur immediately after isolation and transplantation of islets into the liver. In these studies, only one out of five livers showed high frequency pulsatility at 2 d after transplantation. Since islets at this time are still intraportal where they may be aggregated ( 12), this single case most likely represented coordinate pulsatile insulin secretion from an aggregate of islets as occurs in periperfused islets (30, 31) . However, by 7 d after transplantation the islets had become topographically dispersed within the hepatic parenchyma (12) , and at that time there were no high frequency coordinate secretory bursts present, although they became reestablished between 30 and 200 d, which coincides with the time period described for the establishment of islet reinnervation (12) (13) (14) . Taken together these data are consistent with the hypothesis that coordinate high frequency insulin secretory bursts by islets dispersed within an organ are mediated by interislet innervation, which allows for transmission of a synchronizing signal or a wave of depolarization throughout the islet population (27) . However, these data raise several questions.
First, what is the pacemaker for such a wave of depolarization? Since only islet tissue is transplanted and islets have independent pacemaker function, it is possible that one or more of the islets directly serves as a pacemaker. Alternatively, there may be intrahepatic ganglia that are similar to those described in the pancreas (29) that serve as a pacemaker. Indeed, it is perhaps more plausible that reinnervation of intrahepatic islets would result in coordinate spontaneous depolarization from an intrinsic hepatic pacemaker than through a mechanism that required direct islet to islet interconnection. It is of note that the frequency of insulin secretory bursts by islets transplanted in 
